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I. Introduction
Multifunctional protease inhibitors are classic examples that contradict the old dogma of one protein -one function (Beadle & Tatum, 1941) . Multifunctionality implies that a protein or a structural fold can regulate various partners, resulting in different biological outputs. Approximately 30 yr after the influential paper of Beadle and Tatum, the first report of a multifunctional protease inhibitor (Odani & Ikenaka, 1973) challenged their model. A protein from soybean (Glycine max) was separated into two parts, of which one inhibited trypsin and the other chymotrypsin (Odani & Ikenaka, 1973) . Trypsin and chymotrypsin are closely related Ser proteases, but they differ in the surface loops that determine substrate specificity (Hedstrom et al., 1992) and thus require distinct inhibitory sites. This first bifunctional protease inhibitor belongs to the Bowman-Birk inhibitors (BBIs), classified in the MEROPS database as family I12 (see Box 1 for a brief description of the MEROPS system). Only a few years after the discovery that a single protein can inhibit two distinct proteases, it became clear that the Indian staple crop ragi (Eleusine coracana) produces an even more peculiar multifunctional inhibitor (Shivaraj & Pattabiraman, 1981) . The ragi bifunctional inhibitor (RBI, family I6) can form a trimeric complex with a-amylase and trypsin, thereby simultaneously inactivating a starch-degrading enzyme and a protease (Shivaraj & Pattabiraman, 1981) . Two years later, it turned out that a protein from barley (Hordeum vulgare) also targets an a-amylase and a protease (Mundy et al., 1983) . However, barley a-amylase/subtilisin inhibitor (BASI, family I3) is structurally unrelated to RBI. The bifunctional BBI, RBI and BASI were the first of many multifunctional plant protease inhibitors to be discovered. In these three cases, multifunctionality is facilitated by two inhibitory sites on a single protein.
More recent research has characterized other types of multifunctional protease inhibitors. Some of these contain more than one inhibitory domain (multidomain inhibitors) or use the same binding site to inhibit one of various target proteases at a time (promiscuous inhibitors) (Fig. 1) . The frequent occurrence of multifunctionality among protease inhibitors has raised many questions about the biological roles of these proteins. Are multifunctional inhibitors regulatory links between the proteases they affect? How has multifunctionality evolved in different inhibitor structures and do they share common 'roads to multifunctionality'? How can multifunctional protease inhibitors be exploited for crop improvement and protein design? These questions are addressed in this review. With multifunctional plant protease inhibitors, we bring together a range of proteins and biological processes that are not usually studied jointly. Awareness of a potential hub between proteolytic networks will help to gain a comprehensive overview. Finally, understanding the inherent power of multifunctional protease inhibitors will prove useful to design successful agricultural or biotechnological strategies.
II. Three types of multifunctionality
Juggling several biological jobs is facilitated in different ways, which we group into three types of inhibitor multifunctionality (Fig. 1) . The first type of multifunctional inhibitors are Janus-type inhibitors, double-headed proteins with two inhibitory faces matching distinct targets. The second type are multidomain proteins, which resemble a necklace of pearls (inhibitor domains). Within the pearl necklace type, the I20 inhibitor domains have diversified with regard to specificity, while the macrocyclic cystine knot peptides can have both inhibitory and noninhibitory functions. The third type of multifunctionality is represented by promiscuous inhibitors such as serpins and a-macroglobulins. These structurally different inhibitors act as mouse traps that inhibit different proteases by undergoing dramatic conformational change upon protease binding. We summarize the current scientific knowledge on biological role, inhibitory mechanism and evolution for eight families of multifunctional plant protease inhibitors. A comprehensive overview of all discussed families and the examples mentioned throughout this review is given in Table 1 . The inhibitors are first discussed in groups based on their type of multifunctionality. We conclude by discussing all eight multifunctional inhibitor families in the context of common biological roles, evolutionary history and potential applications.
Double-headed inhibitors: the Janus type
With his two faces looking in opposite directions, the ancient Roman god Janus provides a good metaphor for bifunctional inhibitors. Each of the two faces stands for a binding site on which a target enzyme can be inhibited. Surprisingly many protein architectures facilitate multifunctionality by providing two sites (Rawlings et al., 2014) ).
MEROPS groups proteins into families based on sequence homology and families into clans based on structural homology. Proteases or inhibitors in a clan are assumed to have evolved from a common ancestor, but are less closely related than the proteins within a family. Inhibitor families are named I1 to I93. Protease families are named with a letter indicating the catalytic type (i.e. A for aspartic, S for serine and C for cysteine proteases), followed by a consecutive number. We refer to MEROPS release 9.12 throughout this article. Maskos et al. (1996) . 
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New Phytologist with different inhibitory specificity, and thus the Janus-type inhibitors include representatives from at least four MEROPS families that occur in plants (Table 1) .
Bowman-Birk inhibitors (I12): losing and gaining multifunctionality The first Janus-type inhibitor was discovered in soybean flour by Bowman in 1946 (Bowman, 1946 . The inhibitor was further purified and characterized by Yehudith Birk, who showed that it inhibits both trypsin and chymotrypsin (Birk, 1961) . However, it was not yet clear that this was attributable to two binding sites. Separation of the protein into two fragments which retained inhibitory activity towards either trypsin or chymotrypsin, respectively, elucidated that the soybean Bowman-Birk inhibitor (BBI, MEROPS family I12; see Box 1 for a brief description of the MEROPS system) has two independent binding sites (Odani & Ikenaka, 1973) , making the soybean BBI the first known multifunctional protease inhibitor. BBI encoding genes are also present in Medicago truncatula, rice (Oryza sativa) and maize (Zea mays), but they seem absent in the model plants Arabidopsis thaliana and Nicotiana benthamiana (Rawlings et al., 2014) . BBIs may have a defensive function, because BBI gene expression in rice is up-regulated in response to wounding and the defence-related phytohormone jasmonic acid (Rakwal et al., 2001; Qu et al., 2003) and overexpression of an endogenous Janus-type BBI in the staple crop rice increases resistance to Magnaporthe grisea, a fungal pathogen causing rice blast (Qu et al., 2003) . BBIs fold into a core of antiparallel beta-sheets that is crosslinked by multiple disulphide bridges (seven in the case of soybean BBI). The two inhibitory sites are located on protruding loops on opposing ends of the beta-sheet core ( Fig. 2a) and function via the Laskowski mechanism (Box 2) (Chen et al., 1992; Voss et al., 1996) . Monocot I12 inhibitors contain up to three BBI domains (Qu et al., 2003) , and thus they should in theory have up to six protease inhibitory sites. However, the monocot BBI domain has lost a disulphide bridge restraining the conformation of one of the inhibitory loops. Having lost the inhibitory activity of one of the two subdomains, monocot BBIs bind only one target protease per BBI domain. Apparently, the loss of the second inhibitory site in monocots was corrected by domain duplication, so that contemporary monocot BBIs can bind multiple proteases (Song et al., 1999; Park et al., 2004) . Surprisingly, although BBIs can inhibit trypsin and chymotrypsin, it is still unknown what the natural targets of these seed proteins are. Identification of both endogenous (plant) and exogenous (insect/ bacterial/fungal) target proteases might increase our understanding of the apparent evolutionary pressure towards multifunctional plant BBIs.
Kunitz inhibitors (I3): a very versatile fold Ser protease inhibitors from the Kunitz (I3) family exist in most higher plants, but seem to be absent from green alga genome sequences according to the current release of the MEROPS database (Rawlings et al., 2014) . The inhibitors were named after Moses Kunitz, who crystallized the first representative from soybean flour (Kunitz, 1945) . The I3 family includes Janus-type inhibitors that bind different target enzymes on two reactive sites, for example the barley a-amylase/ subtilase inhibitor BASI and its rice orthologue, both of which occur in grains (Leah & Mundy, 1989; Yamagata et al., 1998) . a-amylase/subtilase inhibitors are believed to regulate germination, as they inhibit endogenous a-amylases (Abdul-Hussain & Paulsen, 1989; Vall ee et al., 1998; Nielsen et al., 2003) , which mobilize storage carbohydrates during germination (Fincher, 1989) . Rice a-amylase/subtilase inhibitors also block a-amylases from insects that feed on the grain starch (Bellincampi et al., 2004) . Using its second reactive site, BASI inhibits proteases from the fungal pathogen Fusarium culmorum (Pekkarinen et al., 2007) , also indicating defensive functions that make a-amylase/subtilase inhibitors interesting candidates for crop improvement. Another member of the Kunitz family, Adenanthera pavonina Kunitz type inhibitor (ApKTI), occurs in seeds of the leguminous tree Adenanthera pavonina. ApKTI can inhibit both trypsin (S1) and papain (C1) simultaneously (Migliolo et al., 2010) and is active against gut proteases from herbivorous insects, including beetles and moths (Da Silva et al., 2014 and references therein). Artificial diets containing ApKTI reduce the viability and fertility of these insects, indicating that ApKTI acts in defence against herbivorous insects. ApKTI is a promising candidate for crop improvement, as the multifunctionality of the inhibitor may help to impede insect adaptation (Da Silva et al., 2014) . Potato (Solanum tuberosum L.) tubers also contain a Janus-type Kunitz type inhibitor, named potato serine protease inhibitor (PSPI). PSPI can bind simultaneously to both trypsin and chymotrypsin, two S1 Ser proteases with different substrate specificities (Valueva et al., 2000; Meulenbroek et al., 2012) . The biological role of PSPI in planta is unclear. In principle, PSPI could act in defence or protect storage proteins from endogenous proteases to prevent premature sprouting. Considering that PSPI is one of the most abundant proteins in potato tubers (Meulenbroek et al., 2012) , it probably also serves as a storage protein itself. Recently, a new biochemical function was proposed for Kunitz trypsin inhibitor 3 (KTI3), a Populus deltoides (poplar) inhibitor from the Kunitz family active against trypsin and chymotrypsin (Major & Constabel, 2008) . KTI3 is expressed in planta upon exposure to heavy metals and this protein confers heavy metal resistance when expressed in transgenic yeast. Molecular modelling suggests that KTI3 can chelate copper ions, but this remains to be demonstrated experimentally (Guerra et al., 2015) . Multifunctionality in Kunitz inhibitors is not always achieved via the double-headed Janus structure. For instance, a Kunitz inhibitor from Prosopis juliflora, a South American shrub, can inhibit either trypsin (family S1) or papain (family C1) using overlapping binding sites (Franco et al., 2002) . All Kunitz (I3) inhibitors share a tree-like tertiary structure called the b-trefoil fold (Fig. 2b) . The 'tree' consists of a b-barrel (the trunk) with flexible loops protruding from each side (branches and roots, respectively) (Sweet et al., 1974) . The protease binding sites of b-trefoil inhibitors are located in the loops (Azarkan et al., 2011) and inhibition occurs via the Laskowski mechanism (Box 2) (Renko et al., 2012) , with the notable exception of the a-amylase/ subtilase inhibitors.
BASI has been crystallized in complex with savinase, a subtilase from the soil bacterium Bacillus lentus (Micheelsen et al., 2008) . Structural and mutational analysis of this complex revealed that the BASI inhibitory mechanism for subtilases differs from the canonical 
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Laskowski mechanism. The protease inhibitory loop of BASI is shorter than usual and pulled out of the protease active site by a disulphide bridge. Thus, BASI cannot be cleaved by the subtilase, which may result in a more stable inhibitory complex. The cysteine residues facilitating this version of the Laskowski mechanism are conserved in the rice and wheat (Triticum aestivum) orthologues of BASI, suggesting that they function in the same way (Micheelsen et al., 2008) . The inhibitory sites of BASI are known to be independent because protease inhibition still occurs when the inhibitor is saturated with a-amylase (Mundy et al., 1983) . Inhibition of barley a-amylase occurs via a large binding interface and involves a fully hydrated Ca 2+ ion. In this way, BASI sterically hinders access to the active site of the a-amylase (Fig. 2b ) (Vall ee et al., 1998) . As affinity of BASI for barley a-amylase increases with increasing pH (Nielsen et al., 2003 and references therein) , it is thought that the protonation state of the amino acid side chains involved in Ca 2+ binding may be affected by pH changes (Nielsen et al., 2003) . During germination, a pH increase might release a-amylase from BASI (Mundy et al., 1983; Vall ee et al., 1998; Nielsen et al., 2003) .
Length, orientation and amino acid composition of the loops vary between the b-trefoil inhibitors, allowing them to inhibit up to two proteases of different classes (e.g. Dattagupta et al., 1999; Meulenbroek et al., 2012) . Protease families inhibited by Kunitz inhibitors include S1, S8, C1 and A1 (Azarkan et al., 2011; Rawlings et al., 2014) . Although the overall structure is highly conserved, the inhibitory motifs of the Kunitz inhibitors are diversified across the family. The core b-barrel, the conserved element of the Kunitz fold, is a rigid structure that presumably confers stability to the Kunitz inhibitors in harsh environments. The b-barrel can fold via various routes, rendering the folding process of Kunitz proteins relatively immune to point mutations in the loops. Taking these findings together, it appears that the stable b-trefoil fold provided a platform for evolution of a wide range of molecular recognition mechanisms (Azarkan et al., 2011) . In plants, this includes the inhibition of amylases and proteases via various mechanisms. In other organisms, the Kunitz fold with its versatile loops is shared by growth factors, interleukins and DNAbinding proteins (Renko et al., 2012) .
RBI (I6): bifunctionality via two versions of substrate mimicry Ragi bifunctional inhibitor (RBI) was first purified from seeds of the Indian finger millet, locally called ragi (Eleusine coracana) (Shivaraj & Pattabiraman, 1981) . Like BASI, RBI inhibits both insect and mammalian a-amylases as well as proteases (Maskos et al., 1996; Strobl et al., 1998) . Astonishingly, BASI and RBI are unrelated in terms of sequence, structure and inhibitory mechanisms, and thus inhibition of different hydrolase classes using one multifunctional protein must have evolved twice independently. RBI adopts an all-a-fold (Fig. 2c) , which is unrelated to the structure of any other known protease inhibitor family (Strobl et al., 1995 (Strobl et al., , 1998 . The trypsin-binding site of RBI forms a loop that can be cleaved by bovine trypsin, but RBI remains inhibitory afterwards (Strobl et al., 1995) , confirming that protease inhibition follows the canonical Laskowski mechanism (Box 2) (Maskos et al., 1996) . Structural analysis of a complex between RBI and a-amylase from yellow meal worm (Tenebrio molitor) revealed that the amylase inhibitory mechanism differs remarkably between I3 and I6 inhibitors. RBI inserts its N-terminus into the amylase active site, almost completely filling the catalytic cleft and directly interacting with the active site residues (Strobl et al., 1998) . The inhibitor can be displaced by large substrates (more than seven saccharide units), confirming that RBI acts in a competitive, substrate-like manner on a-amylase (Maskos et al., 1996) . RBI can form a ternary complex with bovine trypsin and porcine a-amylase (Maskos et al., 1996) , confirming that the binding sites for the protease and amylase are independent, as is the case for BASI. The extensive in vitro studies on the RBI inhibitory mechanisms have, to our knowledge, not been complemented by studies on the role of this bifunctional inhibitor in vivo. For instance, it is unknown Box 2 The Laskowski mechanism of protease inhibition.
The Laskowski mechanism of inhibition is probably the most common scenario of protease inhibition by proteinaceous inhibitors (Rawlings et al., 2014) . Michael Laskowski described the 'standard mechanism' of protease inhibition, where the inhibitor acts as a 'limited proteolysis substrate' (reviewed in Laskowski & Kato, 1980) . A reactive peptide bond on this limited substrate is bound by the target protease and an acyl intermediate is formed with a high association constant. However, the rate of completion of proteolytic cleavage and dissociation is very low, resulting in an apparent equilibrium between the free enzyme and inhibitor on the one hand and the complex on the other. Both the intact and the cleaved inhibitor can bind and inhibit the protease, and cleavage is reversible. Fig. 2 Four examples of double-headed inhibitors. (a) Left panel, crystal structure (PDB ID 3ru4) of Vigna unguiculata Bowman-Birk trypsin and chymotrypsin inhibitor (BTCI, family I12; blue) in complex with bovine trypsin (family S1; red) and bovine chymotrypsin (family S1; green). Right panel, BTCI inhibits trypsin and chymotrypsin using loops (red) that contain Lys and Ile residues mimicking the P1 substrate recognition sites of the respective target enzymes. (b) Left panel, crystal structures of Hordeum vulgare (barley) a-amylase/subtilisin inhibitor (BASI, family I3; red; PDB ID 3bx1) in complex with barley a-amylase (AMY2; brown; PDB ID 1ava) and Bacillus lentus savinase (blue; family S8; PDB ID 3bx1). A calcium ion (green) acts as molecular glue in the AMY2-BASI interaction. Right panel, the Glycine max (soybean) Kunitz inhibitor (SKI, family I3; PDB ID 1avu) illustrates the overall structure of Kunitz inhibitors: a b-barrel (red) with three extended loops (L1-L3), representing a tree trunk and branches, respectively. (c) Left panel, crystal structure of ragi bifunctional inhibitor (RBI, family I6; PDB ID 1tmq; green) from Eleusine coracana (ragi or Indian finger millet) with Tenebrio molitor (yellow meal worm) a-amylase (TMA; brown; PDB ID 1tmq). The location where a trypsin-like protease could bind is indicated by a red circle. Right panel, inhibition is facilitated by the N-terminal Ser residue of RBI (red) that interacts with the active site of TMA. The loop that can interact with trypsin-like proteases (family S1) contains an Arg residue (red) that mimics the P1 substrate recognition motif for trypsin. (d) Left: crystal structure (PDB ID 4n6o) of human cystatin M (family I25; purple) with human legumain (family C13; cyan). The location where a papain-like protease could bind is indicated by a green circle. Right panel, legumains specifically cleave after Asn (P1 = Asn), and therefore selectivity of the interaction is facilitated by an Asn residue in the reactive centre loop (RCL; red). The three regions of cystatin M that would bind the substratebinding groove of papain-like Cys proteases are located on the opposing side (red). PDB: RCSB Protein Data Bank (http://www.rcsb.org/pdb).
whether RBI inhibits endogenous a-amylases as well as pathogen enzymes and how important this is for germination and defence. The structural similarity between RBI and seed storage proteins, the albumins, provokes the speculation that this Janus-type inhibitor evolved from the small, stable albumin fold by acquiring additional inhibitory activities.
Legumain-inhibiting cystatins (I25A): more than just an extension Plant representatives of the cystatin family (I25) are called phytocystatins (MEROPS family I25A; see Box 1 for a brief description of the MEROPS system) and occur in a wide range of taxonomic groups, including green algae, mosses, monocots and dicots (Martinez & Diaz, 2008) . Most phytocystatins have a molecular weight of 12-16 kDa and inhibit Cys proteases of the family C1. Higher plants contain additional C-terminally extended cystatins with a molecular weight of c. 24 kDa (Martinez & Diaz, 2008) . The C-terminal extension is a second inhibitory site, specific for C13 proteases, called aspariginyl endopeptidases (AEPs), legumains or vacuolar processing enzymes (VPEs) (Martinez et al., 2007) . The presence of both C1 and C13 proteases is necessary in vitro for complete degradation of the bean (Phaseolus vulgaris L.) storage protein phaseolin (Zakharov et al., 2004) . To prevent germination, C1 and C13 proteases may thus be coregulated by legumain-inhibiting cystatins. Indeed, overexpression of the C-terminally extended cystatin AtCYS6 in A. thaliana causes reduced Cys protease activity and delayed germination, whereas atcys6 null mutant seeds exhibit higher Cys protease activity and germinate early (Hwang et al., 2009) . It remains unclear, however, whether this requires the C1 or the C13 protease inhibitory activity, or both. Bifunctional cystatins may be efficient regulators of germination, as they are able to prevent both the C1-and the C13-dependent steps of storage protein hydrolysis.
Bifunctional cystatins target different proteases via different mechanisms, namely steric hindrance of C1 proteases and substrate mimicry for C13 proteases. The mechanism for C1 protease inhibition by cystatins is conserved between animals and plants (Rawlings et al., 2014) and is based on a tripartite wedge consisting of the N-terminus and two hairpin loops carrying the conserved QxVxG motif (Fig. 2d) . This wedge is inserted into the active site of the C1 protease in a tight but reversible interaction (Stubbs et al., 1990) . C13 protease inhibition by phytocystatins involves substrate mimicry using an exposed Asn residue following an a-helix on the C-terminal extension. Interestingly, animal cystatins can inhibit legumains (AEPs/VPEs) without an extension, as they harbour such an Asn residue next to a helix on the back of the cystatin domain itself (Alvarez-Fernandez et al., 1999) . Bifunctional phytocystatins may thus have evolved from an ancient domain duplication, upon which each of the two cystatin domains lost one of the inhibitory activities (Martinez et al., 2007) .
Multidomain Inhibitors: the pearl necklace
The pearl necklace type inhibitors consist of an array of protease inhibitory domains. Their inhibitory potential is increased through cleavage, which releases the inhibitory domains like pearls from a string. Gene duplication probably gave rise to these multidomain proteins. Notably, a new folding pathway led to reorganization of the inhibitory domains of I20 inhibitors. Cyclization of the multidomain precursor or the released inhibitory peptides occurs for I20 and I7 inhibitors, respectively. The accumulation of structurally similar domains in one protein can also facilitate new regulatory mechanisms, as seen with the multicystatins (I25).
Multidomain potato peptidase inhibitor II (I20): cyclization shuffles domains As early as the 1970s, the Japanese scientist Teruo Iwasaki determined the amino acid sequence of a fragment of potato peptidase inhibitor II (PI-II) that inhibited trypsin (S1) and, to a lesser extent, chymotrypsin (S1) and subtilisin (S8) (Iwasaki et al., 1976) . Similar proteins occur in tomato (Solanum esculentum L.), where their production is induced by wounding (Graham et al., 1985) . Today, it is clear that inhibitors of the I20 family are present in most monocots and dicots including maize, A. thaliana, poplar and many solanaceous species. Most plants appear to have only one I20 inhibitor gene, whereas tomato and potato contain more homologues (Rawlings et al., 2014) . The I20 inhibitors are clearly associated with plant defence. Their expression increases upon wounding (Graham et al., 1985; Kong & Ranganathan, 2008) and they are constitutively made in reproductive organs, which seem well worth special protection (Atkinson et al., 1993) . Furthermore, I20 inhibitors from pepper (Capsicum annuum) inhibit the gut proteases of the cotton bollworm (Helicoverpa armigera) in vitro (Tamhane et al., 2005; Joshi et al., 2014) and overexpression of different members of the I20 family confers increased resistance to insect pests in various species (Johnson et al., 1989; Tamhane et al., 2009; Dunse et al., 2010; Joshi et al., 2014) , highlighting the potential of I20 inhibitors for crop improvement.
Structure and fold of the I20 inhibitors are prime examples of the fascinating intricacy of plant defence proteins. The Nicotiana alata protease inhibitor precursor (NaProPI) is a well-studied example (Kong & Ranganathan, 2008) . NaProPI is a 43-kDa protein produced at high levels in the female reproductive tissues of N. alata. The amino acid sequence of NaProPI consists of six homologous sequence repeats flanked by an N-terminal signal peptide and a C-terminal vacuolar targeting signal (Atkinson et al., 1993) . Both signal peptides are removed during posttranslational processing and, eventually, the six-repeat precursor is cleaved into six individual protease inhibitors of 6 kDa each (Fig. 3a) . Two of the inhibitors released from NaProPI inhibit chymotrypsin and four are specific for trypsin . Each of the released inhibitors contains eight Cys residues forming four disulphide bonds and adopts a compact, stable fold (Nielsen et al., 1995) (Fig. 3a) . All I20 inhibitors utilize the Laskowski mechanism (Box 2) (Greenblatt et al., 1989) , but their in vivo target proteases remain unknown. Five of the 6-kDa inhibitors released from NaProPI are single-chain peptides, but the sixth one consists of two chains held together by three disulphide bridges . This peculiarity arises from the way in which NaProPI is processed into the 6-kDa mature inhibitors. Interestingly, the underlying cleavage sites are located not between, but within each of the sequence repeats of NaProPI . After removal of the signal peptides, the NaProPI precursor adopts a cyclic conformation, linking the N-terminus to the C-terminus of the New Phytologist peptide chain via three disulphide bridges. This circle is then cleaved once within each sequence repeat, releasing five singlechain inhibitors as well as one two-chain protein which contains the N-and C-terminal ends of the NaProPI precursor . NaProPI can be processed in vitro using C13 endopeptidases , suggesting that asparaginyl endopeptidases (AEPs/VPEs/legumains, family C13) might release the 6-kDa inhibitors in vivo. The peculiar mechanism of NaProPI maturation prompts the question of how this protein might have evolved. It is very likely that the ancestor of the I20 family consisted of a single sequence repeat folding into a single domain inhibitor. Sequence duplication events then gave rise to multi-repeat proteins that eventually adopted the cyclic fold and processing sites within each sequence repeat. This scenario is endorsed by the finding that a single ancestral NaProPI sequence repeat can fold into a functional inhibitor when it is expressed in bacteria . As soon as more than one repeat is present, however, the artificial ancestral I20 inhibitor adopts a cyclic conformation and is processed within the repeats . Notably, not all of the I20 inhibitors need to be cleaved in order to be active. The twodomain tomato inhibitor II has been crystallized in a ternary complex with two subtilisin molecules, showing that both inhibitory sites are accessible simultaneously (Barrette-Ng et al.,
2003)
. Analysis of nonsynonymous/synonymous mutation rates within the whole I20 family revealed that that the cysteine scaffold that determines the structure of the cyclic precursors as well as of the released inhibitors is under purifying selection. This underscores the evolutionary pressure towards a cyclic precursor that may be explained by its elevated thermodynamic stability. The active residue of the released inhibitors, however, is under diversifying selection, presumably leading to specificity for different target proteases (Kong & Ranganathan, 2008) .
Squash inhibitors (I7): knottins laced up Squash inhibitors (MEROPS family I7) occur in the seeds of Cucurbitaceae and are macrocyclic knottins of < 50 amino acids, stabilized by multiple disulphide bridges in the cystine knot motif. The squash inhibitors we discuss here are released from multidomain precursors containing up to eight repeats (Hernandez et al., 2000; Mylne et al., 2012) . Given their abundance and strong inhibitory activity against trypsin-like proteases used by mammalian, insect and fungal seed predators, squash inhibitors might be involved in defending seeds against predation (Burman et al., 2014; Mahatmanto, 2015) , but a role as storage proteins in seeds has also been envisaged . To our knowledge, no protease has yet been identified as a natural target of squash inhibitors. The cystine knot is a common motif that stabilizes squash inhibitors as well as a range of other, unrelated plant peptides known collectively as the cyclotides. The knot is based on a hairpin of two antiparallel b-strands containing three cysteines linked to the periphery via three disulphide bridges. A third, nonstandard b-strand is present in one of the loops, which are otherwise not canonically structured (Fig. 3c) (Saether et al., 1995; Craik et al., 1999; Mylne et al., 2012) . Squash inhibitors are released from multidomain precursors and cyclized via transpeptidation by asparaginyl endopeptidases, also called vacuolar processing enzymes (AEPs/VPEs, family C13) (Saska et al., 2007; Gillon et al., 2008; Mylne et al., 2012) . The last repeat of the inhibitor precursor remains acyclic, but nevertheless inhibits trypsin (Mylne et al., 2012) . The squash inhibitors are members of the I7 family that shares the Laskowski mechanism of inhibition (Box 2) (Otlewski & Zbyryt, 1994; Hernandez et al., 2000) .
Interestingly, macrocyclization of cystine knot peptides seems to have evolved several times in parallel. The whole subtropical cucurbit genus Momordica has an acyclic, single-domain cystine knot inhibitor, while multidomain precursors encoding macrocyclic knottins are only found in a subgroup of related species, indicating they may have arisen through recent gene duplication events . Additionally, cyclotides occur in the Rubiaceae, Violaceae, Fabaceae and Solanaceae. The corresponding precursors differ between species with regard to the number of cystine knot repeats (Mylne et al., 2012) . All of these precursors share the recognition sites necessary for cleavage and cyclization by AEPs/VPEs (Hara-Nishimura et al., 1991; Hiraiwa et al., 1999) and a Gly residue needed to form a circle (Jennings et al., 2001) . The ability of AEPs/VPEs to cyclize peptides may have acted as an evolutionary channel, lending the selective advantage of increased stability to cystine knot peptides that start with a Gly and end in Asp/Asn (Mylne et al., 2012) .
Macrocyclic knottins are an excellent template for artificial multifunctionalization. Different engineered MCoTI-II (Momordica cochinchinensis trypsin inhibitor-II) knottins specifically inhibit proteases from different catalytic classes, namely chymotrypsin (family S1, Ki in nM range), subtilisin (family S8, Ki in lM range), a viral Cys protease (family C3, Ki in in lM range) (Thongyoo et al., 2008) , tryptase and leukocyte elastase (both family S1) (Thongyoo et al., 2009) .
Multicystatins (I25A): release at the right moment Phytocystatins form a separate subfamily I25A within the cystatin family I25 (Margis et al., 1998; Rawlings et al., 2014) . Phytocystatins inhibit papain-like Cys proteases (family C1) and are common among plants from green algae to A. thaliana, tomato, rice and maize (Rawlings et al., 2014) . Some members of the phytocystatin family also inhibit C13 proteases using a C-terminal extension, as discussed in subsection 1.4. In this paragraph, we focus on the numerous cases where phytocystatins occur as multidomain proteins (Rawlings et al., 2014) consisting of up to eight inhibitory cystatin domains (Walsh & Strickland, 1993) . Multidomain cystatins (multicystatins) play various biological roles in both potato and tomato. The potato multicystatin (PMC) occurs in potato tubers and inhibits tuber proteases (Kumar et al., 1999) .
PMC is produced during early stages of tuber formation, which are associated with a decrease in proteolytic activity in the tuber, which may facilitate storage protein accumulation. Indeed, accumulation of PMC to up to 12% of total soluble tuber protein precedes the accumulation of patatin, the main storage protein in potatoes that makes up 40% of the soluble protein content (Mignery et al., 1988; Pouvreau et al., 2001; Weeda et al., 2009) . In ageing tubers, proteolytic activity increases again, coinciding with a drop in the detectable levels of PMC (Kumar et al., 1999) . Thus, PMC abundance appears to regulate the process from building up the protein reserves in potato tubers to their mobilization during ageing and germination. Multicystatin expression in tomato leaves is induced by various elicitors of plant immunity (Siqueira-J unior et al., 2002; Uppalapati et al., 2005; Girard et al., 2007) and tomato multicystatin inhibits proteases from insect digestive tracts and impairs the growth of plant pathogenic fungi in vitro (Siqueira-J unior et al., 2002) . Similar experiments show that potato multicystatin inhibits the growth of corn rootworm larvae, predators of an important food crop, when added to an artificial diet (Orr et al., 1994) .
Multicystatins have the intriguing capacity to crystallize in native tissues. Cys protease inhibiting crystals were first observed in potato tubers (Cohn, 1859; Rodis & Hoff, 1984) , but they also occur in tomato leaves (Akers & Hoff, 1980) . Multicystatin crystals localize to the cytosol in potato (Nissen et al., 2009) as well as in tomato (Madureira et al., 2006) . The transition between crystalline and soluble states for PMC is now quite well understood. Solubilization of PMC occurs at mildly acidic pH, exposing the inhibitory domains to target cysteine proteases (Orr et al., 1994) . Recent structural analyses show that low pH weakens the interdomain interactions in PMC, explaining this regulatory mechanism (Green et al., 2013) . As soon as it is soluble, PMC can be cleaved by serine proteases (Walsh & Strickland, 1993) to release three fragments, which collectively contain eight cystatin domains. Inhibition of Cys proteases by each of the eight domains occurs via the cystatin mechanism (subsection 1.4). The acidic environment of certain areas in the insect gut is thought to activate the inhibitor exactly when and where it is needed to hinder the protein catabolism of the insect pathogen, but not the host plant (Green et al., 2013) . Multicystatins presumably evolved from an ancestral, singledomain plant cystatin via gene duplications. Although it is known that phytocystatins inhibit papain-like cysteine proteases (family C1) (Tajima et al., 2011) , it is as yet unknown which proteases are regulated by multicystatins (Benchabane et al., 2010) .
Promiscuous inhibitory folds: the mouse trap type
In this section, we describe two protease inhibitor families that utilize a mechanical trapping mechanism to sequester their target proteases. The nature of these mechanisms is destructive: inhibition is irreversible and dooms both the protease and the inhibitor to degradation. The active site that is recognized by the enzyme can vary in mouse trap type inhibitors without affecting the functionality of the trap. Accordingly, mouse trap type inhibitors have developed multifunctionality in the sense that the same inhibitory fold can be used to target different proteases. (Roberts et al., 2003) . As highly abundant grain proteins, serpins are found even in fully processed beer (Hejgaard & Kaersgaard, 1983; Hejgaard et al., 1985) . The biological role(s) of serpins remains somewhat unclear, although there are hints in two directions. First, artificial diets containing serpins impair growth and fertility of insect pests, indicating a potential role in defence and highlighting the potential serpins hold for crop improvement (Thomas et al., 1994 (Thomas et al., , 1995 Yoo et al., 2000; Alvarez-Alfageme et al., 2011) . Second, two putative plant target proteases of A. thaliana serpin 1 (AtSerpin1) are involved in programmed cell death (PCD), suggesting that AtSerpin1 could have a prosurvival function. AtSerpin1 inhibits metacaspase AtMC9 (family C14) in vitro and co-localizes with AtMC9 in vivo in the extracellular space (Vercammen et al., 2006) . Electron microscopic images of atmc9 mutant A. thaliana leaf cells suggest a role for AtMC9 in clearance of the cell contents after tonoplast rupture (Bollh€ oner et al., 2013) . The second putative AtSerpin1 target protease is the C1 protease Responsive to Desiccation 21 (RD21), which was identified as an in vivo interaction partner during pull-down of AtSerpin1 from plant extracts (Lampl et al., 2010) . The RD21 precursor protein accumulates in endoplasmic reticulum-derived protease storage bodies, which fuse with each other and the vacuole under stress conditions. Fusion is believed to lead to activation of the proteases which assist in recycling of cellular contents during stress-induced PCD (Hayashi et al., 2001) . In line with this role of RD21, PCD during plant infection with the necrotrophic fungi Botrytis cinerea and Sclerotina sclerotiorum is accelerated in the atserpin1 knockout, but prevented in plants lacking RD21. Interestingly, Lampl et al. (2013) detected AtSerpin1-GFP fusions expressed from the endogenous promoter mainly in the cytoplasm, in contrast to the previously reported extracellular localization (Vercammen et al., 2006) . In addition, increased resistance of rd21 mutant leaves to infection by Botrytis cinerea is in contrast to earlier findings that rd21 mutant plants are more susceptible than the wild type to Botrytis cinerea (Shindo et al., 2012) . Some serpins act as traps with a versatile bait, like the barley serpin BSZx. Using overlapping sites within its reactive centre loop, BSZx can inhibit trypsin, chymotrypsin and, to some extent, cathepsin G (all family S1) in vitro (Dahl et al., 1996) . Evolutionarily, inhibitory serpins are conserved throughout the kingdoms of life, although they vary widely between uni-and multicellular organisms (Roberts et al., 2004) . Chlamydomonas serpins, for instance, have an intron-exon structure distinct from that of higher plant serpins. The reactive centre loops differ remarkably between monocots and dicots, suggesting that serpins might have diverged with regard to target proteases and biological functions (Roberts & Hejgaard, 2007) . With regard to structure and mechanism, serpins are unique among plant protease inhibitors. The structure of the 43-kDa inhibitor AtSerpin1 has been resolved by crystallography and consists of three conserved b-sheets and nine conserved a-helices, as is common among animal serpins (Fig. 4a) (Lampl et al., 2010) .
Serpins inhibit their target proteases in a unique, suicidal manner. Ser and Cys proteases cleave the serpin reactive loop, forming an acyl-enzyme intermediate with the serpin. Cleavage triggers a profound conformational change in the metastable fold of the serpin, which deforms the active site of the protease and irreversibly binds it to the inhibitor (Fig. 4b) . This remarkable trapping mechanism (Huntington et al., 2000) allows for a structural separation of inhibitory activity from protease specificity. Thus, members of the serpin family share the same fold, but target a range of Ser and Cys proteases (Fluhr et al., 2012; Rawlings et al., 2014) . a-macroglobulin (I39): the gilded cage Functional macroglobulin genes are annotated in only a few plant species, according to the MEROPS database (Rawlings et al., 2014) and a recent comparative genomics study (Santamar ıa et al., 2014) . This includes cucumber (Cucumis sativus), alpine strawberry (Fragaria vesca), the alga Micromonas sp. RCC299 and black cottonwood (Populus trichocarpa). However, the structure, specificity and mechanism of action of this family are intriguing. Macroglobulins are large (c. 200-kDa) glycoproteins and their structure resembles a round cage (Fig. 4c) (Sottrup-Jensen, 1989 ). a-macroglobulins possess an exposed bait region with recognition sites for various types of endopeptidases, cleavage of which triggers a conformational change. Thus, the protease gets trapped inside the large macroglobulin protein, much like in a cage (Fig. 4d) (Feldman et al., 1985) . The caged peptidase cannot bind large targets or inhibitors any more, but remains accessible for small molecules (Sottrup-Jensen, 1989) . Variation of the bait region does not affect the inhibitory mechanism, allowing for multifunctionality of the macroglobulin fold (Sottrup-Jensen, 1989) . The physiological role of macroglobulins in plants remains obscure. The versatile functions of this protease inhibitor family in animals and bacteria are reviewed elsewhere (Budd et al., 2004; Rehman et al., 2013) .
III. Significance of multifunctional protease inhibitors in the plant research arena
Multifunctional protease inhibitors represent hubs that regulate distinct branches of the plant physiological network, for instance defence and tuber sprouting in the case of the potato multicystatin (family I25). For one inhibitor to do several biological jobs, it must often target multiple proteases of different families or even different catalytic classes. This can be achieved through several inhibitory interfaces on the same protein, as seen with the Janustype and the multidomain I20 inhibitors, or through one promiscuous interface, as seen in the mouse trap type inhibitors. A different way to assign multiple biological functions to one inhibitor is to produce it on different occasions in space and time. For instance, multicystatins (family I25) accumulate in tomato and potato leaves in response to wounding as well as in potato tubers when building up storage protein reserves. Through whichever route inhibitors acquire multifunctionality, the result is a protein that provides a link between the biological processes it regulates. Increased knowledge of multifunctional protease inhibitors will therefore promote a network-level understanding of plant physiology. The evolutionary history of inhibitors in their role as regulatory hubs could then reveal how the network was restructured over time.
Multifunctional protease inhibitors share stabilizing structural features, most notably a compact fold linked covalently by disulphide bridges. This structural similarity may resemble a common evolutionary road to multifunctionality. It appears that small, stable proteins, such as protease inhibitors, are well suited to acquire a (second) inhibitory function, as they are already fit to persist in harsh environments with high proteolytic activity. Additional protease inhibitory activities may await discovery in many small, stable proteins, including the known multifunctional inhibitors. A second, even more obvious road towards multifunctionality is duplication of inhibitory domains, which can further lead to neofunctionalization of the duplicate, rearrangements in the overall protein structure or emergence of new regulatory mechanisms (subsections 1.1 and 2).
On the applied side, recombinant expression of multifunctional inhibitors from families I12, I13, I20 and I25 has been successfully used to generate pest-resistant crop plants (Orr et al., 1994; Xu et al., 1996; Siqueira-J unior et al., 2002; Dunse et al., 2010) . Furthermore, I3 and I20 inhibitors were used to limit proteolysis of recombinant human proteins produced in plants, tackling a major issue in molecular farming (Kim et al., 2008; Goulet et al., 2012) . Increasing our understanding of how multifunctional inhibitors link physiological networks could facilitate new applications. For instance, recombinant protein degradation could be prevented very effectively by controlling regulators of proteolytic cascades in the plant. Inhibitors that interfere with endogenous as well as exogenous proteases could protect crops from pests and premature senescence. In medicine, multifunctional plant protease inhibitors of family I12 have been used to limit undesired protease activity as potential anticancer drugs (da Costa Souza et al., 2014) .
In one case, the concept of multidomain inhibitors has been taken further using artificial multidomain inhibitors consisting of five naturally occurring domains (families I25 and I31) to create a more stable and more potent inhibitor than its natural, singledomain counterparts. Overexpression of this custom-made multidomain inhibitor in potato increases resistance to the insect pest Frankliniella occidentalis (Outchkourov et al., 2004) . Some impressive examples of custom-made inhibitors based on a known multifunctional fold are found among the squash inhibitors (subsection 2.2). However, the relatively low affinity of the engineered squash inhibitors for their targets highlights the issue that a deeper understanding is needed to develop synthetic approaches. Knowing all essential features of an inhibitor structure, one could design completely novel inhibitors, customized for desired applications.
From the examples discussed throughout this review, it is clear that several roads to multifunctionality exist, starting from adaptation of target recognition sites in stable proteins or gene New Phytologist duplication, with the latter branching out in multiple directions. Fine-mapping of these roads will facilitate the construction of custom multifunctional inhibitors while, at the same time, enhancing our knowledge about regulatory hubs in the plant physiological network.
